During the main phase of CNC migration (stage 9 to 11) cMid1 is strongly expressed within r2 and a subset of CNC in cranial mesenchyme at the level of r1/2 to the isthmus, but is not expressed in more caudal CNC streams. Inhibiting cMid1 function in r2 elevated PP2A levels. Overexpression of PP2A in r2 slowed CNC migration in vitro and in ovo and inhibited trigeminal gangliogenesis.
Introduction
X-linked Opitz G/BBB syndrome (XLOS; OMIM 300000) is a human congenital midline malformation syndrome caused by loss-of-function mutations in the MID1 gene Gaudenz et al., 1998; Granata et al., 2005; Quaderi et al., 1997) .
Physical abnormalities occur throughout the body in XLOS, but craniofacially these can include: hypertelorism, cleft lip/ palate, anteverted nostrils, and a broad nasal ridge (Opitz et al., 1969; Pinson et al., 2004; Robin et al., 1996; So et al., 2005) .
The expression patterns of Mid1 mRNA orthologues in human (Pinson et al., 2004) , mouse (Dal Zotto et al., 1998; Quaderi et al., 1997) and chicken (Granata and Quaderi, 2003; Richman et al., 2002) the tissues that show abnormalities in XLOS. In the developing head, these Mid1 expressing tissues include a subset of r1/2-derived cranial neural crest cells (CNC) that migrate to populate the first branchial arch (chick: stage 10, (Richman et al., 2002) ) and, at later stages, the branchial arches themselves and frontonasal process (human: stages 14-15; mouse: stage 15; chick: stage 20). The paralog, MID2, shows a similar expression pattern to and functional redundancy with MID1, although any role in XLOS remains to be determined (Buchner et al., 1999; Granata et al., 2005) .
MID1 encodes a RING, B-box, Coiled-Coil (RBCC) intracellular dimeric protein (Quaderi et al., 1997) found either as part of a cytoplasmic multiprotein complex or bound to microtubules Liu et al., 2001; Schweiger et al., 1999) .
To date, two broad functions have been identified for the Mid1 protein: stabilizing microtubules against depolymerisation, and facilitating ubiquitinylation of protein phosphatase 2A (PP2A). Microtubule binding requires the Mid1 C-terminal domain (commonly deleted or mutated in XLOS ) plus Mid1 phosphorylation near the B-boxes (Short et al., 2002) . Mid1 is dephosphorylated, and thereby released from microtubules by the catalytic subunit of PP2A (PP2Ac), which associates with Mid1 via the a4 protein (Liu et al., 2001; Schweiger and Schneider, 2003) . In turn, the binding of the Mid1-a4-PP2Ac complex to microtubules allows Mid1 to execute a ubiquitin ligase activity upon PP2Ac, thereby targeting PP2Ac for degradation (Aranda-Orgilles et al., 2008; Liu et al., 2001; Trockenbacher et al., 2001) .
The inability of mutated Mid1 to bind microtubules (as occurs in XLOS) thus prevents PP2Ac degradation, resulting in PP2Ac accumulation in the cytosol and hypophosphorylation of microtubule associated proteins (Trockenbacher et al., 2001 ). Because PP2A is ubiquitously expressed and regulates many signalling pathways (Li et al., 2001; Sontag, 2001; Zolnierowicz, 2000) , XLOS likely results from a complex combination of cytoskeletal and signalling anomalies.
The functions of Mid1 in vivo are currently restricted to early (neural plate) stages. Thus, the chicken orthologue cMid1, increases BMP4, mutually repress Shh, and reinforces asymmetric gene expression in the right lateral plate mesoderm (Granata and Quaderi, 2003) . The Xenopus orthologue xMid1, and its paralog xMid2, are required for neural tube closure by regulating microtubule organisation (Suzuki et al., 2010) .
However, the craniofacial defects seen in XLOS are suggestive of underlying problems with CNC development (Walker and Trainor, 2006) , and yet no studies have examined the functions of Mid1 (and by inference PP2A activity) at developmental stages corresponding with CNC formation, delamination and migration. We therefore chose to examine the expression and functions of cMid1 during the developmental stages when CNC are migrating to their targets and subsequently contributing to cranial gangliogenesis.
Results

cMid1 and cMid2 expression during CNC migration stages
The craniofacial phenotypes of XLOS are consistent with defects in CNC migration and/or survival. Thus, we focussed our survey of cMID gene expression on developmental stages when most CNC are migrating to their targets (stages 9 to 11, n = 6 for each stage). Little is known about cMID expression during this phase of development, except for a study of cMid1 expression in longitudinal sections at stage 10 (Richman et al., 2002) .
2.1.1. cMid1 is expressed in a subset of r2 CNC Between stages 9 to 11, cMid1 mRNA is present within the cranial neural tube, with r2 showing especially strong expression (Fig. 1A -C, r2 marked with an arrowheads in B and C). From stage 10, cMid1 is detected within the cranial mesenchyme immediately adjacent to the neural tube, extending rostrally from the level of r2 to that of the anterior midbrain (arrows in Fig. 1B and C) . This pattern of expression partly overlapped that of migrating mesencephalic and r1/2-derived CNC, as shown by double cMid1/cSox10 in situ hybridisation ( Fig. 1D ; cMid1 in purple, cSox10 in orange), consistent with Richman (Richman et al., 2002) . Note that r1/2 CNC furthest laterally from the neural tube does not express cMid1 (compare Fig. 1D with a cSox10-only probed stage 11 embryo in Fig. 1E . White arrowheads mark the same region in both embryos). By contrast, cMid1 was not detected within r4 or r6 CNC streams (Fig. 1C) . Stage 11 embryos, double stained with cMid1 in situ (blue) and anti-HNK 1 (green) confirmed the overlap of cMid1 with r1/2 CNC as it exits the neural tube ( Fig. 1F-F' ', G-G'', and H-H'', Arrowheads mark individual coexpressing cells).
cMid2 is weakly expressed in r4 CNC
Between stages 8-10, cMid2 mRNA is present within the cranial neural tube, but not in the cranial mesenchyme ( Fig. 1I-M) . At stage 11, cMid2 becomes slightly more concentrated within r3 and r5 (Fig. 1N arrowheads) and is faintly expressed in the cranial mesenchyme adjacent to r4 (Fig. 1N  arrow) . Double cMid2/cSox10 in situ hybridisation demonstrated co-localisation of cMid2 with the r4 CNC stream (Fig. 1O arrow; compare N and O) .
2.2.
Suppression of cMid1 function in r2 elevates PP2Ac protein, whilst ectopic expression of cMid1 in r4 depletes PP2Ac protein
We decided to compare CNC from r2 and r4, due to their respective Mid1+ and Mid1À nature. Initially, we examined PP2A protein levels and subsequently we examined cell migration. Six hours after electroporation at stage 10 with various constructs, thirty r2 or r4 were harvested, pooled, and subjected to Western blot analysis of PP2Ac, using b-actin as a loading control. Baseline (pCABAEGFP electroporated) levels of PP2Ac protein in r2 samples were $15-fold lower than those in r4 samples (Fig. 2 ), in keeping with the expression of cMID genes predominantly in r2 at stage 11 (Fig. 1) . Suppression of cMid1 function in r2 was achieved with a truncated cMid1 (pCABAEDR), suggested to act as a dominant negative, which lacks the RING finger domain required to bind the E2 enzyme that ubiquitinates PP2Ac (Granata et al., 2005) . In all other respects, this DR construct should behave as fulllength Mid1: being able to dimerise (via the coiled coil domain), bind a4 (via B-box 1), and localize to microtubules (via the C terminal domain). pCABAEDR caused a 2.8-fold increase in PP2Ac protein in r2, compared to pCABAEGFP (Fig. 2) , confirming that this construct is capable of suppressing endogenous cMid1-regulated PP2Ac degradation. Overexpression of cMid1 in r4 was achieved with pCABAEcMid1 (Granata and Quaderi, 2003) . This caused a 1.8-fold decrease in PP2Ac protein levels in r4, compared to pCABAEGFP (Fig. 2) . Although this pCABAEcMid1 construct causes ectopic expression of Bmp4, Fgf8 and Snail in chick embryos (Granata and Quaderi, 2003) , we have not formally confirmed that it produces cMid1 protein. We also examined the effect of pharmacological PP2Ac inhibition, by implanting beads soaked in okadaic acid (10 nM) (Xing et al., 2006) into the r4 neural tube. Unexpectedly, okadaic acid decreased PP2Ac protein in r4 to a similar extent to pCABAEcMid1 electroporation (Fig. 2) .
Elevated PP2Ac in r2 inhibits CNC migration
Unilateral r2 electroporation of pCABAEDR at stage 9+ resulted in a dramatic reduction in CNC output into the adjacent cranial mesenchyme within 9 h (6/11 embryos; compare the boxed areas on the contralateral (left) and electroporated (right) sides in Fig. 3A' ). The same phenotype was seen in embryos unilaterally electroporated in r2 with pCABAEPP2Ac (8/13 embryos; compare contralateral (left) and electroporated (right) boxes in Fig. 3B') , but was not seen in pCABAEGFP electroporated controls (0/6 embryos; Fig. 3C') . Reduced CNC output caused by pCABAEDR was not attributable to increased apoptosis (0/8 embryos; Fig. S1 A-D'') or decreased cell proliferation (0/7 embryos; Fig. S1 E-F''). These observations suggest that elevation of PP2Ac in r2, either directly via full-length pCABAEPP2Ac or indirectly via disrupting Mid1 function, inhibits r2 CNC migration. Consistent with this we found an accumulation of Pax3 CNC in the r2 neural tube on the pCABAEDR electroporated side after 6 h ( Fig. 3D-D' . Average Pax3+ cells pCABAEDR side 45.3 ± 6.8; average Pax3+ cells contralateral side 35.7 ± 5.1; 5/6 embryos. Paired t-test P = 0.0125). However, only 64% of the Pax3+ cells detectably expressed pCABAEDR, suggesting a possible indirect or paracrine effect on inhibition of cell migration. Possibly, because of the transient nature of plasmid transfection, inhibition of r2 CNC migration was transient; no asymmetries were detected in the r1/r2 CNC streams when embryos were incubated for 24 h (using either cSox10 riboprobe or anti-HNK1, not shown). Importantly, the effects of pCABAEDR on CNC migration appear to be cMid1-dependent, since this construct did not prevent migration of r4 CNC (Fig. 3E) , which do not express cMid1 (Fig. 1B-D) . As an important control, we predicted that if pCABAEDR inhibited r2 CNC migration via elevated PP2A protein (as indicated by Western blots, Fig. 2C ), then this phenotype should be rescued by co-administration of the PP2Ac selective inhibitor okadaic acid (OA, 10 nM) (Xing et al., 2006) . In agreement with this prediction, 9 h after unilateral co-administration at stage 9+, the ability of pCABAEDR to inhibit r2 CNC migration was dramatically impaired by OA (Fig. 3F , 6/6 embryos; compare with Fig. 3A' ). Unilateral OA administration alone caused no changes in r2 CNC migration within the cranial mesenchyme after 9 h (Fig. 3G, 6 embryos).
2.4.
Lowering PP2Ac levels or activity in r4 increases neural crest migration
We already established that PP2A protein levels are higher in r4 than in r2 and that pCABAEMid1 depletes PP2A in r4 (Fig. 2C) . Because elevating PP2A in r2 prevented CNC migration, we wondered if lowering PP2A in r4 would promote CNC migration. This was also an opportunity to disentangle the effects of chronic (endogenous r2) versus acute (ectopic r4) cMid1 expression on CNC migration. Six hours after unilateral r4 electroporation, pCABAEcMid1-expressing r4 CNC ( Fig. 3H , arrowheads) migrated much further than pCABAEGFPexpressing r4 CNC (Fig. 3I, arrowhead) . pCABAEcMid1 had no effect on apoptosis (9 embryos; Fig. S1 G-H'') or cell proliferation (8 embryos; Fig. S1 I-J''). We also found that Pax3+ premigratory r4 CNC were depleted on the pCABAEcMid1 electroporated side of the neural tube by 6 h (Fig. 3J , compare left and right sides in boxed regions. Average Pax3+ cells OA side 14.8 ± 1.4; average Pax3+ cells contralateral side 24.5 ± 6.3; 7/ 8 embryos. Paired t-test P < 0.0001). No Pax3 asymmetry was seen in pCABAEGFP controls (Fig. 3K) . Thus, there appears to be a shift in the distribution of r4 CNC: fewer pre-migratory CNC within the neural tube, but more migratory CNC within the cranial mesenchyme. More obviously, after 9 h, pCABAEcMid1 electroporated r4 CNC had migrated further (8/8 (D,D') pCABAEDR causes accumulation of Pax3+(red) pre-migratory CNC in r2 after 6 h, but (E) has no effect on r4 CNC. (F-F') Okadaic acid rescues the pCABAEDR CNC migration defect phenotype in r2, but (G) okadaic acid does not itself promote r2 CNC migration. (H) Six hours after electroporation, pCABAEMid1 expressing r4 CNC (arrowheads) migrate further than pCABAEGFP expressing r4 CNC (I, arrowhead). J-J') pCABAEMid1 reduces the number of Pax3+ CNC in r4 after 6 h (compare Pax3 staining in the boxes on the left (control) and right (electroporated) sides of r4 in J), but (K-K') pCABAEGFP has no such effect on Pax3. L-M'') Dorsal and lateral views after 9 h show pCABAEMid1-expressing r4 CNC (L-L'') migrate further into the second arch (ba2) than pCABAEGFP-expressing r4 CNC (M-M''). Compare the amount of GFP + CNC within the dotted area of Ba2 in L'' with M''. N-N') Okadaic acid increases migration of CM-DiI-labelled r4 CNC (arrowhead). Ba2, Ba3: second and third branchial arches. OV: otic vesicle.
embryos) than pCABAEGFP electroporated r4 CNC (6 embryos) within the HNK-1 immunostained r4 CNC stream; showing greater accumulation within the second branchial arch (compare numbers of GFP+ cells within Ba2 (dotted area) in Fig. 3L '' with 3M''). This effect is unlikely to be due to differences in the number of electroporated cells, since in Fig. 3M ' it should be noted that control GFP+ cells are uniformly spread along the r4 CNC stream, whilst they cluster at the migrating front of the stream (within Ba2) when expressing pCABAEcMid1 (Fig. 3L') . The migration of electroporated r4 CNC after 9 h was quantified in transverse sections by measuring the straight-line distance from the midline dorsal surface of the neural tube to each electroporated cell within the cranial mesenchyme. This confirmed that pCABAEcMid1 expressing CNC had migrated significantly further than pCA-BAEGFP expressing CNC (174.3 ± 9.9 lm (n = 30) versus 115.8 ± 13.8 lm (n = 13), Mann-Whitney P = 0.003). Increased r4 CNC emigration caused by pCABAEMid1 was transient: no asymmetries in r4 CNC output were detected after 24 h (not shown). If the increase in r4 CNC migration caused by pCABAEcMid1 was due to lowered PP2Ac activity then we predicted that a similar phenotype should be produced by the PP2Ac inhibitor, okadaic acid (OA). Thus, we placed beads soaked in 10nM OA singly and unilaterally on the dorsolateral surface ectoderm adjacent to r4 for 4 h, to allow OA to diffuse into the mesenchyme. Then, the neural tube was flooded with CM-DiI and emigrating r4 CNC were photographed after a further 2 h. The CM-DiI label allowed us to distinguish cell emigration post-bead placement from CNC that had already left the neural tube. We found that more r4 CNC had migrated into the mesenchyme and for a further distance on the OA treated side than on the contralateral side (Fig. 3N' ; 5/5 embryos. Average migration OA: 180.9 ± 12.3 lm (n = 33 cells). Average migration contralateral control: 131.9 ± 9.2 lm (n = 15 cells). Mann-Whitney P = 0.046). Vehicle-only control beads did not cause any asymmetric CNC output (not shown). OA did not increase cell proliferation (Fig. S1K-L'', 7 embryos).
PP2Ac activity affects CNC motility and adhesion in vitro
In order to distinguish whether the PP2A-regulated changes in CNC migration in ovo were environmental or CNC-autonomous, and to better quantify our observations, we examined the motility of isolated r4 CNC and r2 CNC in vitro using time-lapse video-microscopy.
On fibronectin, untreated r2 CNC migrated consistently and significantly slower than r4 CNC during each paired 2 h time-period (Fig. 4A left, blue bars. P < 0.001, only shown at 0-2 h for clarity). Thus, over the entire 10 h-filming period, the speed of r2 CNC remained stable at 30-35 lm/h, whilst r4 CNC demonstrated a progressive decline in average speed from 55 to 41 lm/h (becoming significantly less than the starting speed only during the final 8-10 h, P < 0.05; Fig. 4A right, blue bars). Supplementing r2 CNC with 1nM OA did not alter the mean cell speed (Fig. 4A left, red bars) , and was consistent with the lack of a phenotype when r2 CNC was exposed to OA in ovo (Fig. 3G) . However, supplementing r4 CNC with 1nM OA caused a dramatic and significant (P < 0.001) increase in cell speed at each time-period, achieving a maximum speed of 96.6 ± 2.5 lm/h by 8-10 h (Fig. 4A right, and compare migration patterns of unsupplemented r4 CNC in Fig. 4B with 1nM OA supplemented r4 CNC in Fig. 4C . See also Movies 1 and 2). Exposure of r4 CNC to 1 nM OA caused episodic rounding up of cells, followed by rapid movement over the fibronectincoated substrate, as if their adhesion/contact was impaired (Movie 1). By contrast, untreated r4 CNC remained generally flat and slow moving, more consistently making contact with the substrate (Movie 2). A cell adhesion assay confirmed that 1nM OA caused a threefold reduction (P < 0.05) in the adhesion of r4 CNC to the fibronectin substrate (Fig. S2) . Thus, 44.3 ± 4.1% of r4 CNC (n = 267 total cells ± SEM) were dislodged by shaking following 1nM OA treatment compared to 12.8 ± 5.4% dislodged in unsupplemented control cultures (n = 151 total cells). Conversely, on poly-lysine, 1 nM OA had no effect on r4 CNC adhesion (7.2 ± 4.9% cells dislodged after 1 nM OA (n = 221 total cells ± SEM) versus 7.1 ± 4.8% cells dislodged in unsupplemented control cultures (n = 144 total cells) (Fig. S2) .
We investigated whether the ability of OA to increase r4 CNC speed in vitro was specific to fibronectin, or would occur on other substrates (collagen or laminin) present within cranial mesenchyme (Carinci et al., 2007) . Similar to the situation on fibronectin, 1 nM OA caused a significant (P < 0.05) increase in r4 CNC speed on collagen (Fig. 4D right) . However, on laminin, r4 CNC showed a slight increase in motility over time, which was prevented by 1nM OA (Fig. 4D left) .
The inability of OA to increase r2 CNC speed on fibronectin (Fig. 4A left) could be explained by the low PP2Ac levels in these cells (Fig. 1 ), due to their constitutive expression of cMid1. If true, then forced expression of either pCABAEDR or pCABAEPP2Ac in r2 CNC should increase PP2Ac activity and reduce average cell speed. Conversely, forced expression of pCABAEcMid1 in r4 CNC should deplete PP2Ac and replicate the effect of OA, increasing average cell speed. Time-lapse experiments on fibronectin, filmed from 6 h post-transfection, confirmed each of these predictions (Fig. 4E) . Movie 3 shows a time-lapse of pCABAEcMid1-transfected r4 CNC. Fig. 4F and G show the starting fluorescence and phase frames from this movie, overlaid with cell positions and speed measurements. (Note that the experiments in Fig. 4E -G were carried out using a different batch of fibronectin to the rest of the time-lapse experiments in Fig. 4 . This may explain why the r2 CNC baseline speed is higher than that shown in Fig. 4A . Note also that r4 CNC speed decreases over time in vitro (Fig. 4A) . Because filming of transfected cells was not started until around 11hr after explanting neural tubes in vitro, this may explain the similarity in the speeds of pCABAEGFP transfected r2 and r4 CNC, Fig. 4E ).
2.6.
Later effects in ovo 2.6.1. Elevation of PP2Ac in r2 CNC delays trigeminal (gV) gangliogenesis
Because r2-derived CNC contributes to the trigeminal ganglia (gV), we predicted that the reduced CNC migration caused by pCABAEDR or pCABAEPP2Ac expression in r2 would lead to deficits in gV formation. Accordingly, 22 h after unilateral r2 electroporation (stage 14+), double immunostaining with anti-GFP and a phosphorylation-independent anti-neurofilament antibody demonstrated fewer neurofilaments on the electroporated side, especially in the mandibular branch of gV. Compare arrowed contralateral and electroporated sides of embryos in Fig 5A- A' (pCABAEDR; phenotype in 4/8 embryos) and in Fig. 5B -B' (pCABAEPP2Ac; phenotype in 5/9 embryos). Unilateral pCABAEGFP electroporation did not cause any altered trigeminal gangliogenesis (0/6 embryos, not shown).
Decreased neurofilament immunostaining could be due to fewer neurons or to decreased axon growth/ramification from an unchanged number of neurons. To resolve this point we used anti-Hu, which labels neuronal cell bodies, and found fewer Hu-positive neurons on the pCABAEDR electroporated side of r2 by stage 14+(4/6 embryos; Fig. 5C and C' and D and D' show transverse sections at the level of r2 and the metencephalon, respectively. Compare the decreased number of Hu + neurons within the dotted regions on the right (electroporated) versus the left (contralateral) side). These data are consistent with the idea that elevated PP2Ac slows CNC migration and thereby decreases the rate at which CNCderived neurons contribute to the developing gV. If this is the mechanism, then we reasoned that the neuronal deficits in gV should become rectified later, when slowed r2 CNC eventually arrive at their destinations. To test this, embryos were unilaterally electroporated in r2 with pCABAEDR, but incubated for 48 h, to stage 20. Anti-neurofilament immunostaining revealed that both gV had become the same size (4/ 4 embryos, Fig. S3 A-B' ). We wondered whether the endogenous level of cMid1 in r2 constituted a 'saturating dose' or if over-expression of cMid1 could increase the rate of gV gangliogenesis. Thus, r2 was unilaterally electroporated with pCABAEcMid1 and processed with anti-neurofilament antibody 22 h later. We found more neurofilament staining on the electroporated side (Fig. S4) , demonstrating that the rate of gV gangliogenesis can be both positively and negatively controlled, depending on the amount of functional cMid1 present in r2 and its CNC derivatives.
Inhibition of PP2Ac in r4 CNC accelerates gVII/gVIII gangliogenesis
Rhombomere 4-derived CNC contribute to the gVII/gVIII ganglia complex. Because suppression of PP2Ac function increased r4 CNC migration, we investigated whether unilateral treatment of r4 with pCABAEcMid1, or a bead soaked in 10 nM OA, would accelerate gVII/gVIII formation. Accordingly, 22 h after r4 treatment (at stage 15), immunostaining with a phosphorylation-independent anti-neurofilament antibody demonstrated an enlarged gVII/gVIII complex on the treated side, especially within the more ventral gVII geniculate ganglion component (pCABAEcMid1: Fig. 5E -H, J-J'', 36/51 embryos; OA bead: Fig. 5N-N'' , 25/34 embryos). Anti-Hu immunostaining for neuronal cell bodies similarly demonstrated a larger gVII/gVIII complex on the pCABAEcMid1 electroporated side of embryos ( Fig. 5K-M' , 7/10 embryos), confirming that the phenotype was due to the presence of additional neurons, rather than increased sprouting from an unchanged number of neurons. Control embryos (not shown) demonstrated no asymmetric enlargement of the gVII/gVIII ganglia (pCABAEGFP, 8 embryos.;vehicle-only bead, 5 embryos). Although expression of pCABAEcMid1 in r4 promoted gVII/gVIII gangliogenesis, it was not cell autonomously neurogenic, since few pCABAEcMid1-expressing r4 CNC differentiated into neurofilament-positive neurons (transverse section of r4 CNC stream in Fig. 5H and inset) ; a similar proportion to that seen in pCA-BAEGFP electroporated controls (transverse section Fig. 5I ).
Consistent with our data showing PP2Ac activity affects CNC motility but not overall CNC numbers, the increase in gVII/gVIII ganglia size, caused by pCABAEcMid1 or OA treatment, was transient; the control side eventually became the same size as the experimental when embryos were incubated for 48 h, to stage 20 (4/4 embryos, Fig. S3 C-D' ).
2.7.
PP2Ac inhibition in r4 CNC causes premature epibranchial geniculate placode cell immigration Neurons of the cranial ganglia derive from two sources: CNC and ectodermal placodes. Because the accelerated gVII/ gVIII gangliogenesis caused by ectopic cMid1 expression in r4 was not directly due to CNC (Fig. 5H , few pCABAEcMid1-expressing r4 CNC become neurons), this focussed our attention on the placodal contribution to gVII/gVIII. Neuroblasts within the surface ectoderm of the geniculate epibranchial placode begin to infiltrate the cranial mesenchyme at stage 12 and extensively contribute neurons to the gVII geniculate ganglion (Begbie and Graham, 2001; D'Amico-Martel and Noden, 1983) . Importantly, r4 CNC (although not required for placode formation) is required to initiate geniculate epibranchial placode cell migration into the mesenchyme (Begbie and Graham, 2001) , and this coincides with a breakdown of the basal lamina separating the placode from the mesenchyme (Graham et al., 2007) . It is tempting to speculate that CNC may release proteases that facilitate the degradation of the sub-placodal basal lamina, allowing placodal neuroblast migration. To test whether accelerated gVII gangliogenesis was due to premature immigration of placodal cells, the surface ectoderm was labelled at stage 10 with CMDiI and a bead soaked in 10 nM OA was placed unilaterally on the r4-adjacent surface ectoderm. In parallel experiments, pCABAEcMid1 or pCABAEGFP were unilaterally electroporated into r4 at stage 10 and the surface ectoderm labelled 30 min later with CM-DiI. Embryos were incubated to stage 15 and the surface ectoderm was carefully removed so that any geniculate epibranchial placode cells that had migrated into the mesenchyme could be seen. Increased numbers of DiI-labelled placodal cells were found within the cranial mesenchyme on the treated (right) side of OA-exposed (11/15, Fig. 6B') and pCABAEc- Mid1 electroporated (9/13, Fig. 6C -C') embryos; but no differences were seen in pCABAEGFP electroporated embryos (6/6, Fig. 6D-D' ). Anti-neurofilament immunostaining of CM-DiI surface ectoderm-labelled, pCABAEcMid1 electroporated embryos revealed that most of the gVII neurofilament asymmetry was due to placodal neuroblasts ( Fig. 6E-E'' , arrowhead shows extra neurofilaments on electroporated side).
To determine if premature placodal cell immigration was pre-figured by premature sub-placodal basement membrane breakdown, embryos were unilaterally exposed to 10 nM OA or control beads at stage 10 and incubated to stage 12À, just prior to the normal onset of basement membrane breakdown. Then, embryos were processed with anti-laminin antibody to reveal the basal lamina, anti-Pax2 to label placodal cell nuclei, and anti-HNK1 to label CNC (Fig. 6F-F' ' control side and Fig. 6G -G''' OA-treated side: laminin and Pax2 both shown in green, HNK-1 shown in red). Consecutive 14lm confocal sections of control side (Fig. 6F-F'' ) and OA bead side (Fig. 6G-G ) demonstrated no changes in the overall number of epibranchial geniculate placode cells (5/7 embryos), but did show a premature and more widespread breakdown of the basal lamina on the OA bead side, permitting many more placodal neuroblasts to enter the mesenchyme (arrowheads in Fig. 6G-G''' ). No such differences were seen in vehicle-only bead-treated embryos (not shown).
PP2Ac inhibition alters expression of sheddases, metalloproteases and their regulators
All of the PP2Ac-regulated effects on CNC motility and invasiveness we have described could be attributed to changes in the activity of extracellular matrix remodelling enzymes produced by CNC. We therefore examined the expression of a panel of proteases and their regulators in r4; each selected because of a compatible spatio-temporal developmental expression profile and substrate specificities that matched our time-lapse experiments (Alfandari et al., 1997; Cai et al., 2000; Cantemir et al., 2004; Giambernardi et al., 2001; Hall and Erickson, 2003; Harrison et al., 2004) . 1nM OA caused increases in cADAM10 and cMT1-MMP mRNAs, decreases in cMMP10 and cTIMP2 mRNAs (Fig. 7A) , and no discernable changes in cMMP1, cMMP2, cMMP13, and cAD-AM13 mRNAs (not shown); all normalised to cGAPDH mRNA (Fig. 7A) . Based on this initial semi-quantitative RT-PCR screen, we chose to investigate ADAM10 protein by immunofluorescence. Pilot experiments using tissue sections from OA-treated embryos showed generally high staining in the mesenchyme and were inconclusive, so we instead examined isolated CNC on fibronectin. Initially, we confirmed that ADAM10 immunofluorescence was increased in r4 CNC following 5 h OA exposure (compare Fig. 7B : OA exposed, with Fig. 7C: control) , notably at the point of contact between the cell and the fibronectin substrate (compare Fig. 7B inset with Fig. 7C inset) . Depletion of PP2Ac in r4 CNC, via pCABAEcMid1 transfection, similarly demonstrated increased ADAM10 immunofluorescence following overnight culture, predominantly in the most highly cMid1-expressing (GFP positive) cells (Fig. 7D-D'' ). On identical exposure time images, quantitation of immunofluorescence intensity per cell, in arbitrary units (using Image J software), gave 145.3 ± 13.2 (n = 14) for pCABAEcMid1 expressing cells and 108.9 ± 1.5 (n = 16) for neighbouring non-transfected cells, Mann-Whitney P = 0.034. Based on these results, we predicted that elevation of PP2Ac in r2 CNC, via pCABAEDR transfection, should decrease ADAM10 levels in r2 CNC growing on fibronectin. Unfortunately, pCA-BAEDR expressing r2 CNC only demonstrated a non-significant trend towards lower ADAM10 immunofluorescence intensity per cell (71.1 ± 8.9 (n = 16) for pCABAEDR expressing cells, versus 85.1 ± 9.1 (n = 12) for neighbouring non-transfected cells). Nevertheless, the brightest ADAM10 immunofluorescence was never observed in pCABAEDR expressing cells (Fig. 7E-E'') , suggestive of suppression of ADAM10 by high PP2Ac.
Discussion
This study provides not only the first systematic survey of cMID gene expression during the major period of CNC migration, but also reveals several important roles for the Mid1 target, PP2Ac, in regulating: CNC migration speed, CNC protease synthesis, cranial gangliogenesis, and (at the level of r4) the '' ) is more advanced on the OA treated side. Arrowheads mark the position of the epibranchial placodes. C-D') Unilateral (right side) electroporation in r4 with (C-C') pCABAEcMid1 reveals greater migration of CM-DiI surface ectoderm-labelled geniculate epibranchial placode cells into the mesenchyme on the electroporated side after 22 h. (D-D') Very few placodal cells enter the mesenchyme in similarly-treated pCABAEGFP electroporated embryos. (E-E'') CM-DiI surface ectoderm labelling followed by anti-neurofilament immunostaining, 22 h after unilateral (right) r4 pCABAEcMid1 electroporation. Left and right sides of each image are adjacent sections from the same embryo, showing the gVII/gVIII ganglion complex at its widest point. Much more neurofilament staining (green), in association with placodal cells (red), is visible on the pCABAEcMid1 electroporated side (arrowhead). F-G''') Adjacent 14 micron transverse sections through the epibranchial geniculate placode on the control side (F-F') and 10 nM OA exposed side (G-G''') of embryos after 8 h. Anti-HNK1 (red) labels neural crest, anti-Pax2 (green) labels placodal cell nuclei, anti-laminin (green) labels the basement membrane. Basement membrane breakdown is more advanced and widespread on the OA treated side where many Pax2+ placodal cells have already entered the mesenchyme (arrowheads in G-G'''). By contrast, only small areas of basement membrane breakdown are seen on the contralateral control side (arrow in F') Ba1, Ba2: first and second branchial arches. OV: otic vesicle. Bar = 20 microns. CNC-dependent initiation of placodal neuroblast immigration (summarised in Table 1) .
Careful control of CNC migration and survival are essential to generate the wide diversity of species-specific and individual-to-individual craniofacial morphologies (Minoux and Rijli, 2010) . However, the role of impaired CNC migration per se in causing craniofacial neurocristopathies has only been demonstrated for Bardet-Biedl syndrome (Tobin et al., 2008) . Likewise, we do not propose that defective CNC migration causes XLOS phenotypes, since cMid1 becomes re-expressed at later stages of development in the fusing arches and frontonasal process (Richman et al., 2002) , which were not the focus of this study. However, we do demonstrate that the Mid1-PP2A axis regulates several aspects of CNC biology and cranial development, giving this study a much broader appeal beyond the field of XLOS research.
Neural crest cells demonstrate a remarkable range of migration speeds, dictated by both intrinsic and extrinsic factors (Kurosaka and Kashina, 2008) . Thus, across a range of vertebrate species, average in vivo speeds for distinct neural crest populations are: cranial 40 lm/h; vagal 85 lm/h; trunk 30 lm/h; sacral 85 lm/h; and cardiac 35 lm/h (Kurosaka and Kashina, 2008) . Within the developing chick head, individual CNC migrating towards the first arch (from r1/r2) do so at an average speed of 37 lm/h, whilst individual CNC migrating to the second arch (from r4) do so at an average 49 lm/h (Kulesa and Fraser, 1998) . Both of these speed measurements in vivo are in close agreement with our analyses of individual r2 and r4 CNC on fibronectin substrates in vitro (r2 CNC: 33 lm/h, r4 CNC: 50 lm/h; each averaged over a 10 h filming period).
Intrinsic factors that affect neural crest motility include loss of either b1 integrins (Breau et al., 2006) , or n-cofilin (Gurniak et al., 2005) , or arginyltransferase (Kurosaka et al., 2010) ; whilst many other factors disrupt neural crest delamination from the neural tube and migration through the mesenchyme (Kulesa et al., 2010; Kurosaka and Kashina, 2008) . Our data show that PP2A, negatively regulated by Mid1 (and no-doubt under the control of many other factors), should join this list of CNC motility-regulators. Although we demonstrate that PP2A levels inversely correlate with CNC migration speed, this cannot be the only endogenous determinant of migration rate, otherwise r2 CNC would be predicted to migrate faster than r4 CNC. Because r2 CNC speed is unaffected by okadaic acid in vitro, and yet it possesses detectable levels of PP2A, suggests that additional factor(s) act to set a maximum migration rate for r2 CNC that cannot be overcome, no matter how low PP2A activity becomes.
The role played by PP2A in stabilising microtubules, makes it straightforward to propose functions for PP2A in regulating cell motility (Kong et al., 2007; Liu et al., 2001; Schweiger and Schneider, 2003) , although relatively few studies have directly tested these predictions. For instance, disruption of PP2Ac activity results in hyperphosphorylation of l-and m-calpains, which promotes cell migration and invasiveness in models of wound healing (Xu and Deng, 2006) ; whilst truncation of the B56 subunit of the PP2A holoenzyme produces increased motility in melanoma cells via paxillin hyperphosphorylation (Ito et al., 2000) . In agreement with these studies, we show that decreased PP2Ac activity increases CNC motility. Crucially however, we show substrate-dependent effects of PP2A on CNC motility, arguing against generalised alterations in microtubule dynamics. Instead, our data led us to investigate if changes in substrate-specific extracellular matrixmodifying enzymes might explain the differences in CNC motility and adhesion on different substrates. Accordingly, we found that PP2Ac levels affected the expression of a number of sheddases/metalloproteases (ADAM10, MMP10, and MT1-MMP) and the MMP-regulatory protein, TIMP2. Specifically, conditions that decrease PP2Ac activity, promote CNC ADAM10 synthesis. In chicken embryos, ADAM10 protein is mainly present in the surface ectoderm and its basement membrane, but is also detectable in CNC (Hall and Erickson, 2003) . ADAM10 has not previously been implicated in CNC migration, but in Xenopus, a variety of ADAMs are required for CNC migration. These include ADAM13 (Alfandari et al., 2001) , and members of the meltrin sub-family of ADAMs (ADAM12, 19 and 9) (McCusker et al., 2009) . Knockdown of ADAM10 synthesis in the surface ectoderm results in ectodermal thickening (Hall and Erickson, 2003) . Conversely, it is tempting to speculate from our data that the increased ADAM10 production by PP2Ac-depleted CNC could explain the premature breakdown of the CNC-adjacent subplacodal basement membrane. However, to make that claim would require a separate, in-depth study, of a variety of proteases and we instead prefer to keep this study focused on the effects of PP2Ac on CNC migration. In addition to affecting CNC motility, a cMid1-PP2Ac axis might also affect epithelial-mesenchymal transformation (EMT) of CNC, thereby regulating their delamination from the neural tube. For instance, Granata (Granata and Quaderi, 2003) found that in stage 5 chick embryos, cMid1 positively regulates Snail, a transcription factor that induces EMT (Wu and Zhou, 2010) . Moreover, in human mammary epithelial cells, PP2A co-localises with b-catenin and E-cadherin at cell-cell adhesion sites. Okadaic acid disrupts the binding of these cadherin-catenin complexes to F-actin, causes E-cadherin internalisation, and thereby leads to a loss of cell-cell adhesion (Takahashi et al., 2006) . Mid1 is just one of many proteins capable of modulating PP2Ac activity. Thus, our data raise the intriguing possibility that a network of PP2A-regulating factors could provide a hitherto unrecognised level of control over neural crest delamination and motility during development.
4.
Experimental procedures 4.1.
DNA constructs
All plasmid constructs contain an IRES-eGFP cassette. Plasmid cDNAs encoding full-length chicken Mid1 (pCABAEcMid1), truncated chicken Mid1 (pCABAEDR), and control GFP (pCABAEGFP) were gifts of Nandita Quaderi (Granata et al., 2005) . Full-length human PP2Ac cDNA in a pCMV vector was a gift of Alexander Verin (Tar et al., 2006) and was sub-cloned into the BamHI/ClaI site of pCABAEGFP with SaII, to generate pCABAEPP2Ac. Human PP2Ac (NP_002706.1) has 99% amino acid sequence identity to chicken PP2Ac (NP_001006152.1).
In situ hybridisation (Golding et al., 2002) was performed with antisense DIG-or FITC-labelled cMid1, cMid2 (Granata and Quaderi, 2003; Granata et al., 2005) and cSox10 (Golding et al., 2002) riboprobes.
Embryo surgery and electroporations
Fertile while leghorn chicken eggs (Joice & Hill, Norfolk UK) were maintained at 38 ± 1°C and embryos staged (Hamburger and Hamilton, 1951) . Affi-gel blue beads (100-200 mesh, BioRad) were washed in PBS and incubated for 30 min in 10 nM Okadaic acid (sodium salt, Calbiochem), in some cases plus Cell-Tracker green (CM-FDA, 1:1000, Invitrogen). Dye-labelling of surface ectoderm or neural crest was done with Cell-Tracker red (CM-DiI, Invitrogen), reconstituted in 10 ll DMSO, then 90 ll 20% sucrose. Neural tube electroporations were performed unilaterally at stage 9+ into r2 or at stage 10 into r4, using a TSS20 ovodyne electroporator (tungsten needle cathode, silver anode, 2 pulses, 7 V, 20 ms pulse width, 100 ms pulse space. Intracel, Royston UK). Any embryo that, in whole-mount view, demonstrated GFP expression within the targeted rhombomere was included for analysis and further immunostaining. Some of these embryos were subsequently sectioned and we found that over half of these showed uniform dorsoventral expression of GFP within the neural tube.
Assessment of cell proliferation and apoptosis
Cell proliferation was assessed with Click-iT EdU Alexa 594 cell proliferation assay kit (Invitrogen) by pulse-labelling embryos for 20 min with 3 ll of 10 lM EdU, applied onto the heart in ovo. Apoptosis was assessed using Apoptag Red in situ apoptosis detection kit (Chemicon).
4.4.
In vitro time-lapse studies 12-well culture dishes were coated with either bovine fibronectin (1 lg/ml, R&D Systems), type I rat-tail collagen (1 lg/ml, Sigma) or EHS laminin (1 lg/ml, Sigma). Individual rhombomeres (r2 stage 9+, or r4 stage 10; five per well) were explanted onto the coated culture dishes in a minimal volume of CO 2 -independent medium, supplemented with 10% foetal calf serum, 4 mM L-glutamine, N2 and B27 (all Gibco). CNC were allowed to emigrate for 4 h, then neural tubes were removed and wells topped up with culture medium.
Some cultures were supplemented with 1 nM okadaic acid just prior to filming. In other cultures, adherent CNC were transfected with plasmid DNA for 6 h prior to filming (using Lipofectamine LTX, Invitrogen; or PolyMag Neo, OZ Biosciences. Only GFP-expressing cells were selected for speed measurements). CNC motility was recorded by time-lapse video-microscopy (Olympus IX70 inverted microscope, x20 objective, LUDL motorised stage, 37°C heated-humidified box; In-vivo software, version 3.2.2, MediaCybernetics). Only cells that were not in clusters or in contact with neighbouring cells were selected for analyses. Cell positions and average speeds were plotted and calculated using ImageJ software (NIH), with the MTrackJ plugin (Meijering et al., 2012) . Data were analysed using Instat 3.0a software (GraphPad) by oneway ANOVA with Tukey post-test.
4.5.
Cell adhesion assay Cultured CNC (from five rhombomeres per well, as detailed above) on various substrates were incubated overnight with or without 1 nM okadaic acid and then photographed (Olympus IX70). Culture plates were then placed on a horizontal shaking platform (R100B, AQS Manufacturing, Horsham, UK) at full speed for 1 h to dislodge poorly attached cells and the same field of view was re-photographed, using a computer-controlled motorised stage (LUDL). Images were compared using the 'cell counter' plugin of ImageJ and the percentage loss of cells was calculated. Data were obtained in triplicate and analysed using Instat 3.0a software (GraphPad) by one-way ANOVA with Bonferroni post-test.
RT-PCR
Isolated r4 (15 per condition) were cultured on fibronectin for 5 h to allow CNC emigration and were then incubated for a further 5 h in the presence or absence of 1 nM okadaic acid. Cells were washed in PBS, RNA extracted using TRIzol, digested with DNAse I, and first strand cDNA synthesised using an Oligo(dT) 12-18 primer in the presence or absence of Superscript II reverse transcriptase (all Invitrogen).
Thirty-five cycles of PCR were carried out (30 s steps, 60°C annealing).
The following table summarises the primer pairs (Invitrogen) used for PCR and the predicted amplicon size.
4.7.
Immunostaining and Western blotting Primary rabbit antibodies were: anti-Pax2 (1:100, Abcam), anti-PP2Ac (1:1000, Cell Signalling Technologies), anti-ADAM10 (1:100, Millipore), anti-laminin (1:50, Sigma), anti-GFP (1:3000, Abcam).
Species-specific anti-IgG secondary antibodies were Alexa Fluor 488-or Alexa Fluor-594-conjugated (1:200, Invitrogen), or HRP-conjugated (1:15000, Pierce).
Embryos were immunostained according to standard procedures (Golding et al., 2002) and photographed as wholemounts (using Zeiss Axiophot or Nikon WD70 epifluorescence microscopes) or after vibratome sectioning (using a Leica TCS-NT confocal microscope). When opposite sides of an embryo were compared quantitatively, we compensated for any skewing of the sections by locating the centre of the ganglion on each side in serial sections. If skewing was detected, we counted cells on one side and then moved the relevant number of sections forwards or backwards (as appropriate) to count on the opposite side.
Rhombomeres were electroporated in ovo (r2 stage 9+, r4 stage 10; 30 rhombomeres per condition), harvested 6 h later by careful micro-dissection, pooled and subjected to western blotting with anti-PP2Ac, followed by stripping and reprobing with anti-b-actin as a loading control, using enhanced chemiluminescent detection (Amersham). Band optical densities were quantified from scanned films using ImageJ software. Because of the intricate nature of this experiment, it was only performed twice and we cannot make any statistical judgements about these data. 
